Abstract-This paper proposes a reflectarray unit cell for enabling an analog row-column beam scanning control in order to reduce the required number of control lines from N*M to N+M, being N*M the size of the array. First, the row-column control scheme is reviewed, and after discarding a digital implementation with aggressive phase quantization, an analog unit cell implementation is described. It consists of a microstrip patch aperture coupled to three concatenated phase shifting structures: two reflection type phase shifters based on -3dB 90º hybrid couplers loaded by varactor diodes, and one simple short-circuited stub. A 360º phase range for each phase shifter is predicted by simulations. The whole row-column scheme is validated through the synthesis of an RA with 81 elements providing a pencil beam radiation pattern with gain above 19dB and a side-lobe level below -17dB.
INTRODUCTION
Reconfigurable reflectarray antennas are a good compromise solution between traditional parabolic reflectors and phased arrays. Using the spatial feeding principle of parabolic reflectors, reflectarrays do not require the bulky and lossy beamforming networks of phased arrays while still keep many of their beamforming capabilities [1] . However, for large apertures, it has been shown that biasing all reconfigurable elements becomes challenging, even in the case of one control per unit cell [2] . Some proposed solutions to this issue include a sequential loading of the controls [2] , which impact on the beam scanning speed, or the use of the gathering elements technique [3] . This last allows the reduction of not only biasing controls but also of reconfigurable components. However, the reduction of controls obtained by gathering elements is clearly surpassed by the separate illumination concept introduced in [4] , which consist of addressing the elements by rows and columns. This promising solution theoretically allows reducing the number of bias lines from N*M to N+M where N and M are the number of rows and columns, respectively. However, the formulation used in [4] does not consider the spherical phase distribution coming from the feed, and its simulation results do not properly show the high impact of the combination of 1-bit quantization and row-column control in terms of side-lobe levels.
In this paper we carefully address the row-column control scheme. First we show that the possibility of using a coarse quantization down to 1-bit thanks to the spherical phase distribution [5] is lost here by the use of the row-column scheme. Then we propose an analog design of a unit cell taking advantage of the row-column scheme.
II. ROW-COLUMN BEAM SCANNING CONTROL
The required phase distribution at the reflectarray (RA) aperture in order to form a pencil beam towards (θo,φo) is
where di is the distance from the feed to each RA unit cell, and (xi,yi) is the relative position of each unit cell. ϕRA can be decomposed in three terms: ϕd=kdi which is a fixed phase that depends only on the geometry of the RA; ϕx=-kxicosφosinθo which is a variable phase that depends on the row of the unit cell and on the targeted beam direction; and ϕy=-kyisinφosinθo which is a variable phase that depends on the column of the unit cell and on the targeted beam direction. Therefore for implementing a row-column analog control, each unit cell must count with a fixed phase shift structure different for each unit cell in order to realize ϕd; and with two independent and additive variable phase shift structures for realizing ϕx and ϕy. A schematic drawing of the row-column scheme is depicted in Fig 1 . In the ideal case in which these three phase shifts are implemented independently and without errors, the analog rowcolumn scheme does not present any degradation with respect to a per element control scheme. The implementation challenges of such unit cell are discussed in section III.
In a digital implementation, we cannot follow the same strategy since after realizing ϕd with a fixed phase shifter, the phase distribution at the aperture is not spherical anymore; hence aggressive quantization down to 1-bit result in high sidelobe levels as predicted by the traditional phased array theory. Note that ϕd is not separable in two terms depending only on the row and column respectively, so it cannot be included in the values to be quantized for realizing ϕx and ϕy. The option here is to use an optimization method in order to directly find the best row and column controls. However our attempts using 1-bit phase quantization revealed high side-lobe levels above -9dB which are unacceptable for most applications. Taking in account that using more than 1-bit does not allow to implement the phase addition in form of a simple XOR function as proposed in [4] , the viability of a digital row-column beam scanning control is questionable.
III. ANALOG UNIT CELL DESIGN
The main challenge for the design of a unit cell enabling analog row-column control is to realize three independent and additive phase shift structures (one fixed and two variables) capable of providing 360º of phase range each. The proposed solution is described in the following subsections.
A. Radiating element
A radiating element based on square patches aperture coupled to microstrip phase shifters is chosen, since it allows separating the radiating and phase shifting parts, making easier the design of the later. The operating frequency is set to 10 GHz, the dimensions of the cell are 0.75λ0*0.75λ0 and the layer stack is described in Fig. 2 . The aperture coupled patch is backed by a ground plane at a distance of λ0/4 in order to reduce the back radiation. Note also that a high dielectric constant have been used for the phase shifter structures in order to reduce the size of the microstrip circuits. The designed unit cell is depicted in Fig. 3 . The dimensions of the patch and the slot aperture are 9.3*9.3mm and 7.5*0.94 mm respectively. The microstrip line is asymmetrically coupled to the slot, with a length of the open ended stub from the center of the slot of 0.53mm. 
B. Phase shifters
The phase shifter circuit consist of the concatenation of two reflection-type phase shifters based on -3dB 90º hybrid couplers loaded by varactor diodes [6] , and one short-circuited stub. The first two implement the variable phases ϕx and ϕy whereas the last implements the fixed phase ϕd. The varactor loaded stubs are open-ended, in order to simplify the varactors biasing circuit, as explained in next section. The lengths of these stubs are optimized for obtaining a 180º phase range for each reflection type phase shifter. Note that 180º is enough since the signal goes through these phase shifting structures two times (after reflection on the short-circuited stub). In the same way, the length of the short-circuited stub is varied from 1 to 8 mm for achieving a 360º phase range. The width of the microstrip lines corresponds to 50Ω. An optimization process has been carried out for the design of the two hybrids since it was observed that they have a big impact on the independency of both phase shifters. By independent phase shifters one must understand that the realization of ϕx does not affect the realization of ϕy and vice-versa.
C. Varactor biasing circuits
The row and column bias lines of width 0.5mm are routed at the edge of the cell, and the bias voltage is applied to the varactor diodes using RF inductors. Note that the two hybrid circuits are grounded through the short-circuited stub, so two different bias voltages can be easily applied to the other end of the varactors through the open-ended stubs. Both row and column bias lines are routed on the same layer, so a cross-over is implemented at the cell corners, as shown in Fig. 4 . It consists of routing the column lines to the aperture layer through via holes, and routing them back to the phase shifter layer. Note that this solution requires the realization of holes at the aperture layer but simulations showed that the radiating properties of the cell are negligibly degraded. 
IV. SIMULATION RESULTS
The unit cell is analyzed using an Ansys Designer-HFSS cosimulation. The cell structure is simulated in HFSS, assuming an infinite structure and using Floquet ports. In these simulations, varactors and inductors are substituted by a pair of internal ports. The resulting 18-Ports S-matrix is then imported in Ansys Designer and connected to the varactor and inductor models. In the case of varactors, the diode MGV-125-8 from Aeroflex-Metelics is selected and simulated by means of its equivalent circuit model provided by the manufacturer, and depicted in Fig 5. According to the data provided in the datasheet, the series resistance is set to 2.2 Ohms and the junction capacitance (Cj) varies from 0.5pF to 0.06pF when the bias voltages are varied from to 2V to 20V. The inductor used is the Coilcraft 0201DS-8N7XJE which is modeled using the Sparameters provided by the manufacturer. 6 shows the simulated reflection phases versus the row bias voltage (Vx) for different short-circuited stub lengths while keeping the column bias voltage (Vy) fixed; and for different Vys while keeping the stub length fixed. It can be observed that the phase range obtained by the three phase shifting structures almost meets the required 360º. In addition, a very good parallelism of all curves in the upper-right figure is observed. This is important since it indicates the level of independency between the three phase shifting structures. However, this parallelism is a bit degraded in the other three figures which yields to phase errors in the reflectarray aperture. Fig. 7 shows the simulated reflection amplitudes for a large set of combinations of Vx and Vy versus the short-circuited stub length. It can be observed that the ohmic losses in the reflectarray cell due to the dielectric materials and the losses in the varactors vary from -1.5dB to 5.5dB, with a mean value of 3.2dB. Although a bit high, this values are well aligned with the results reported in similar works such as [6] . It must be noted that there is not a mature technology providing full analog control and very low losses at the microwave range [1] . In order to further evaluate the impact of these losses and the phase errors caused by the dependency between the different phase shifter controls, the radiation pattern of a center-fed circular RA with 81 elements (organized in 11 rows and 11 columns) using a row-column biasing control is simulated. The F/D is set to 1 and the radiation pattern of the feed is assumed to follow a cos q function resulting in an amplitude tapering at the RA edge of -10dB. Fig. 8 shows the simulated radiation pattern when a beam is directed to (θ,φ)=(30°, 30°), where u and v are the angular coordinates: u=sinθcosφ and v=sinθsinφ. In addition, the variation of the radiation pattern along the u and v dimensions are shown in Fig. 9 . Note here than in order to show the worst side-lobe levels (SLL), the curve versus v shows the maximum gain obtained for all possible u values, and the same for the curve versus u. A gain of more than 19dB is obtained with a side-lobe level below -17dB, what predicts that the Further inspection of the radiation properties is carried out by the comparison of this radiation pattern with the one obtained by ideal lossless elements realizing the phase distribution resulted from (1) . This analysis reveals that the total losses of the RA are 3.82dB, from which 0.36 are caused by phase errors and 3.4dB are due to ohmic losses, what has been already predicted in Fig. 7 . It also shows that the side-lobe levels increase from -20dB in the ideal case to -17.2dB, basically due to the phase errors which have more impact on the SLL than in the main lobe gain. It must be noted that this phase errors are not only caused by the interaction between the different phase shifter controls, but also from the different angles of incidence of the incoming waves on the RA aperture. Indeed phase variations with respect to the curves in Fig. 6 can be expected, since they were calculated assuming normal incidence. Moreover, the row-column scheme limits the possibility to deal with these phase variations, since the phase cannot be tuned element by element according to their angle of incidence. Having said that, SLL below -17dB corresponding to an increase of 2.8dB with respect an ideal case are assumable by a big number of applications.
V. CONCLUSIONS
In this paper we reviewed a row-column beam-scanning control scheme for reflectarrays which enables a big reduction of the number of required control lines After reasoning that the row-column scheme does not go well with digital implementations, a RA cell supporting analog row-column control has been proposed an evaluated. Phase ranges of 360º have been predicted for both row and column controls, with associated ohmic losses around 3.2dB. The simulation of a RA with 81 elements based on the proposed cell have shown that the phase errors caused by the row-column scheme negligibly affect the gain on the main lobe and only yield to an increase of 2.8dB on the SLL.
The proposed cell structure is rather complicated and present non-negligible losses. However, it enables the complexity reduction of the antenna system through the reduction of control lines and devices (digital-to-analog converters), and a good reconfiguration of the radiation pattern. The analysis of the tradeoffs between cell complexity and system complexity, and RA losses and reconfiguration capabilities totally depend on the desired application and are out of the scope of this work.
